Orthorhombic (O~, 02 and 03) and monoclinic (M 1 and M2) phases are the crystalline approximants of the AI-Cu-Fe-Cr decagonal quasicrystal. The structures of these crystalline phases can be described using three subunits, which are derived from the 03 structure. As an example, the structural model of the O~ phase is presented in detail. This model agrees with the X-ray powder diffraction pattern and the high-resolution electron image of the O~ phase.
Introduction
A systematic study of quasicrystal and crystalline approximants in the AI-Cu-Fe-Cr alloy systems has been carried out in an earlier investigation. Icosahedral quasicrystals and decagonal quasicrystals (DQCs) and several orthorhombic and monoclinic crystalline approximants have been found (Dong & Dubois, 1991; Dong, Dubois, Kang & Audier, 1992; Kang, Malaman, Venturini & Dubois, 1992) . In the A165Cu2oFeloCr s alloy, a mixture of icosahedral and DQC phases forms from the liquid alloy during rapid solidification. An orthorhombic crystalline phase occurs in the sample after heat treatment, initially called the O phase (Dong & Dubois, 1991) and later called the O t phase . Electron diffraction experiments show that the phase is closely related to the AI-Cu-Fe-Cr DQC. Lately, other orthorhombic and monoclinic crystalline approximants of the DQC have been found in the AI-Cu-Fe-Cr alloy systems. These phases are referred to as the 02, 03, M~ and M 2 phases in the present paper. The 03 phase is isostructural with the AI3Mn phase (Taylor, 1960) and its structure has been described by a structure-simulation method and then identified by single-crystal X-ray diffraction . Fig. 1 shows the [010] electron diffraction patterns of the crystalline phases in the AI-Cu-Fe-Cr alloy systems. The zone axes are taken parallel to the pseudo-tenfold axis, which is pointed out by the strong diffraction spots forming a pseudo-tenfold pattern. Nevertheless, the periodic arrangement of the diffraction spots in each pattern is clearly visible. The lattice parameters of these phases are listed in Table  1 . The translation periodicity of these crystalline phases along the pseudo-tenfold axis (b axis) is consistent with the corresponding one (12.42 ,~) in the AI-Cu-Fe-Cr DQC. Zhang & Kuo (1990) proposed that the crystalline approximants of the DQC can be regarded as the approximants of the Penrose tiling. The two-dimensional unit cells (a and c) of the three orthorhombic crystalline phases are consistent with the unit cells of the approximants of the Penrose tiling. Accordingly, these phases may be considered as the crystalline approximants of the AI-Cu-Fe-Cr DQC.
The AI3Mn and rt-Al4Mn phases are two orthorhombic approximants of the A1-Mn DQC (Fitz Gerald, Withers, Stewart & Calka, 1988; Li & Kuo, 1992a ). The structural model of the AI-Mn DQC was proposed (Li & Kuo, 1992b) on the basis of the rt-Al4Mn phase. The structural relationship between the AI3Mn and rt-A14Mn phases is studied in the AI-Mn-Cu alloy system because the Y-AIMnCu and Al2oMn3Cu 2 phases are isostructural with the AI3Mn and rt-Al4Mn phases, respectively (Li & Kuo, 1992b ). The structural model of the AI3Mn phase was proposed on the basis of the structure of the rt-Al4Mn phase, which agrees with the experimental results (Li, Shi & Kuo, 1992) . These studies show that the structures of the DQC and its crystalline approximants are composed of similar atom clusters, packed aperiodically in the former and periodically in the latter. This is a very important principle in the study of the DQCs and their crystalline approximants.
In the present paper, we show the application of this principle to the case of the AI-Cu-Fe-Cr alloy system. A tiling model for all the crystalline approximants of the AI-Cu-Fe-Cr DQC is proposed, using three kinds of structural subunits. As an example, the structural model of the Oi phase is discussed in detail. These models will play a guiding role in the further determination of these crystalline phases with such gigantic unit cells. The crystalline approximants of the A1-Cu-Fe-Cr DQC These phases are found in the alloys with the composition A167.2_71.TCus.o_ls.TFelo.0_ll.3CrT.l_12.5 . The space group of the Ol phase was determined by ; the space group of the O3 phase by . The space groups of the other crystalline phases have been determined on the basis of the present model. 2. Subunits and tiling model 2.1. Structure of the 0 3 phase
The structure of the 0 3 phase was first described by a structure-simulation method and then identified by single-crystal X-ray diffraction .
This phase is isostructural with the A13Mn phase (Li et al., 1992; Hiraga, Kaneko, Matsuo & Hashimoto, 1992; Shi, Li, Ma & Kuo, 1994) . There are two main characteristics of the A13Mn-type structure: (a) it is a layer structure and (b) its basic atom cluster is a pentagonal antiprismatic column.
The structure of the 0 3 phase can be described by two kinds of layers, flat (F, a mirror plane) and sequence P'F'p' is related to the sequence PFp by a 21 axis. Fig. 2 shows the plane views of the layer structure of the 0 3 phase: (a) the flat layer F at y = 0.25 and (b) the puckered layer P at y = 0.05-0.15. The atom cluster is always located in a large aluminium pentagonal prism, which is constructed by the AI atoms in the flat (F and F') layers. For simplicity, we use hereinafter the large aluminium pentagonal prism to indicate the atom cluster in the 03 structure. The aggregation of six such atom clusters forms a subunit with a flattened hexagonal shape (see Figs. 3a and 4d ). The atom arrangement in this subunit can be recognized in the puckered and flat layers, respectively; it is outlined in Fig. 2 by dotted lines.
Subunits
It is believed that the structures of the DQC and its crystalline approximants are composed of similar atom clusters, packed aperiodically in the former and periodically in the latter (Steurer, 1991; Li & Kuo, 1992a; Shoemaker, 1993) . In order to construct the structural model of the other crystalline approximants of the AI-Cu-Fe-Cr DQC, we first obtain the subunits for the AI-Cu-Fe-Cr DQC in the following way. It is obvious that only two types of cluster linkages appear in the flattened hexagonal subunit (see Fig. 3a ): (i) type A is a cluster with two other clusters connected to its two adjacent side surfaces and (ii) type B is a cluster with two other clusters connected to its two distinct surfaces. The subunits for the AI-Cu-Fe-Cr DQC are constructed according to the following packing rule. The initial aggregation of the atom clusters is assumed to have fivefold rotational symmetry; an aggregated state with a star shape is then obtained (Fig. 3c ). Meanwhile, two shrunken states of the perfect fivefold symmetry can possibly occur, one is an aggregated state with a crown shape ( Fig. 3b ) and the other is an aggregated state with a flattened hexagonal shape ( Fig. 3a ), which appears in the structure of the 0 3 phase. The A1-Cu-Fe-Cr DQC and its crystalline approximant are assumed to be composed of the three subunits, packed aperiodically in the former and periodically in the latter. The atom arrangement in these subunits can be directly obtained from the 0 3 structure-(see §3).
A classification system for the polytypism in the DQC and crystalline approximants has been proposed by , where the relationship between the DQC and the crystalline approximants is discussed on the basis of a layer-stacking scheme. show the three tiles of the pentagonal Penrose tiling (Grunbaum & Shepard, 1987 ) that were used by Kang & Dubois in their description: (a) convex v pentagon; (b) concave c pentagon; (c) thin t rhombus. As shown by , the structure of the 03 phase can be simply interpreted by only two tiles, v and t (see Fig. 4d ). This is equivalent to the description in terms of subunits, because there is a close relationship between the tiles (dotted lines in Fig. 3 ) and the subunits (solid lines in Fig. 3 ) used in the present paper. The atoms in the tile v form the atom cluster, e.y. the pentagonal antiprismatic column inside the aluminium pentagonal prism, however, the atoms in the tiles c and t can hardly be accepted as forming independent atom clusters and it is better to refer to them as the 'glue' atoms between two adjacent atom clusters. Moreover, the packing mode of the v tiles is not clear, which may cause confusion when many v tiles are needed to construct large unit cells. Therefore, it is more reasonable to use the subunits h, c and s (Fig. 3) for the structural description of the A1-Cu-Fe-Cr DQC and its crystalline approximants, since they represent the initial aggregations of the atom clusters.
2.3. Tiling model for the crystalline approximants Fig. 5 shows the tiling models for the crystalline approximants of the AI-Cu-Fe-Cr DQC, which are composed of the three kinds of subunits proposed above. One can obtain such structural models on the basis of tilings, since the atom types and arrangements are defined within the subunits. It should be pointed out, however, that the periodic packing of the three subunits is no longer unique for a periodic structure with a rather larger unit cell. Then, experimental results should be taken into consideration for choosing a correct configuration. As an example, the structural model of the O1 phase is discussed in detail in the following section.
Structural model of the Oi phase

Description
The tiling model of the O1 phase (Fig. 5a) is composed of the h and s subunits. This is a B-centered orthorhombic unit with lattice parameters a = 32.54, b = 12.27 and c = 23.64A and the space group belongs to Bmm2. The characteristics of the unit cell are consistent with the experimental results on the O1 phase . The layers in the model of the O1 phase are stacked in the same way as those in the structure of the 03 phase, i.e. PFpP 'F'p'PFpP'F'p'.. ., in which the p and p' are related to P and P' by a mirror plane on the F and F' flat layers, respectively. Unlike in the structure of the 0 3 phase, the P'F'p' sequence is not related to PFp by any symmetry operation as in the O1 phase. A stacking sequence (underlined) is selected as the periodicity of the O i phase due to the space group Bmm2. We present the atom arrangement in the F, p, P' and F' layers to show the structural characteristics of the O! phase (Fig. 6 ). The atom coordinates in the structural model of the Oi phase are listed in Table 2 .
The atom arrangements in the structural model of the O1 phase are similar to those in the structure of the 03 phase. In the flat layer (F and F'), AI and transition metal (TM) atoms are alternately located on the vertices of the decagon with a centered AI atom. There are also pentagons and flattened hexagons between the decagonal configurations. The puckered layers are more densely populated than the flat layers (F and F'). Local configurations are centered stars, crowns a~nd flattened hexagons. The atoms in the centers of ~tars are located 1.1 ,~ above and below the atoms at the vertices of the stars, whereas the stars themselves are puckered by no more than 0.3 A. Fig. 1 of Dong et al. (1992) ] and Fig. 7(b) TM  AI  AI  AI  AI  AI  AI  AI  AI  AI  AI  AI  AI  AI  AI  TM  AI  TM  AI  AI  A!  AI  AI  AI  Al  Al  TM  Al  TM  TM  AI  Al  Al  AI  AI  AI  AI  AI  TM  Al  TM  AI  AI  AI  TM  TM  A1  Al  TM  AI agrees with the experimental result. Since no structure refinement has been carried out for the large number of independent atom positions and the Cu, Fe and Cr atoms are represented by a substitutional TM atom with average scattering factor, perfect agreement between the calculated and experimental results is not expected. Nevertheless, in our opinion, the comparison between the calculated and experimental X-ray diffraction pattern supports our structural model of the O1 phase. Fig. 8(a) shows the high-resolution electronmicroscopy image of the 03 phase with the incident beam parallel to the pseudo-tenfold [010] axis, which is extracted from the left part of Fig. 4(a) of . This image was described by a tiling composed of convex and concave pentagon tiles as in the previous work. By association with the structural model of the O 1 phase, we find that the image can be successfully interpreted by the tiling composed of the subunits discussed above. A schematic tiling is drawn in Fig. 8(b) by connecting the bright spots having the same intensity. The edge length of the tiles is about 6.5 A. Fig. 8(c) shows the [010] projection of the O1 structure model. Decagonai rings underline the projection of the pentagonal antiprismatic columns. The distance between the centers of two adjacent decagonal rings is about 6.5 A. It has been proved that these atom columns can be recorded in the high-resolution electron microscopy experiments under suitable conditions (Li et al., 1992; Hiraga et al., 1992) . Thus, the image (Fig. 8a) can be interpreted as mixed crystalline domains of the O1 and Oz phases. Some unit cells of the two crystalline phases are marked in Fig. 8(b) .
Comparison with the experimental X-ray powder diffraction pattern
Comparison with the hi qh-resolution electronmicroscopy image
Concluding remarks
The structural models of the A1-Cu-Fe-Cr crystalline approximants (O1, 02, MI and M2) are proposed on the basis of subunits derived from the Al3Mn-type 0 3 phase. As an example, the structural model of the O1 phase is described in detail. It is shown that this model agrees with the powder X-ray diffraction pattern and the high-resolution electron-microscopy image of the O 1 phase. Atom positions for the other phases may be readily deciphered using the same scheme.
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